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Conduction band caused by oxygen vacancies in aluminum oxide for resistance random access memory Seisuke Nigo, 1,a) Masato Kubota, 2 Yoshitomo Harada, 1 Taisei Hirayama, 3 Seiichi Kato, 1 Hideaki Kitazawa, 1 and Giyuu Kido As a next-generation memory, we have developed a rare-metal-free memory using Al oxide with a high-density of oxygen vacancies (V o s). The electronic structure has been simulated using first-principles calculations. In this paper, we report the electronic structure of the band gap, analyzed using thermally stimulated current measurements, to evaluate the simulated results. We observed electronic states corresponding to resistance changes for the first time. These results show that V o þ2 (electron empty V o ) changes to V o þ1 by electron injection; the overlapped V o þ1 electron changes into a "V o conduction band" (V o CB), and the changed structure is stabilized by structural relaxation of Al ions around V o . V o CB is considered as a kind of mid-gap impurity band. The origin of the on/off switching is considered to be generation/degeneration of the V o CB caused by increasing/decreasing numbers of V o electrons. Based on knowledge of the electronic mechanism, we have changed metal/insulator/metal structure to a metal/insulator/semiconductor structure and decreased the reset-current to 7 lA. The V o s of Al oxide are considered to be useful for electronic memory storage. Resistance random access memory (ReRAM), as the next-generation memory to succeed flash memory, is being developed using many kinds of transition-metal oxides. 1 However, the switching mechanisms are not yet fully clear. The switching mechanism of a transition-metal-oxide ReRAM is believed to be caused by O ion migration. 2 Recently, it was clarified by x-ray photoelectron spectroscopy (XPS) that a small XPS energy shift occurs by redox reactions, such as 2TaO 2 þ O 2À $ Ta 2 O 5 þ 2e. 3, 4 However, the electronic state itself has not yet been observed. We have developed ReRAM using Al anodized oxide (AlOx) instead of a transition-metal oxide, focusing on oxygen vacancies (V o s) localized in the AlOx cell boundaries. 5 Pioneering researches on the electronic properties of anodized AlOx have been continued systematically since 1964 by Hickmott. He proposed energy-band diagrams of impurity bands with double Schottky barriers of structure Al/ AlOx/Au and reported the existence of defects at a density of 10 19 À10 20 cm À3 with a broad energy distribution among the band gaps of AlOx. 6 His detailed researches showed that defects are introduced at the time of anodization, and that electrons were injected from the Al electrode into AlOx by FowlerÀNordheim (FN) tunneling. 7 The negative resistance phenomenon of AlOx discovered by Hickmott 8 is considered to lead directly to resistive switching of AlOx-ReRAM. However, since he used an anodized AlOx film as thin as 28 nm, a cell boundary did not exist, and therefore no attention was paid to V o s localized at the cell boundary. As a result, the switching mechanism caused by a high-density of V o s, such as 10 21 cm À3 , was overlooked until our research. Theoretically supporting our research, Momida et al. simulated the electronic structure of amorphous alumina containing a high-density of V o s using first-principles calculations for the first time and the simulation results have been published. 9 In this paper, we report an experimental study of the electronic states, analyzed using the thermally stimulated current (TSC), to evaluate the V o conduction band (V o CB) model, based on the simulation results. Next, we show a metal/insulator/semiconductor (MIS) AlOx-ReRAM structure developed with the aim of significantly reducing the reset-current. In addition, to understand the resistive switching mechanism driven by injection/extraction of electrons, we show schematically the electronic state changes among the band gaps using TSC spectra and a band model. Finally, we propose using a dry-type AlOx film, similar to the cell boundary, instead of anodized AlOx, which is not suitable for semiconductor manufacturing processes. Generally, a switching mechanism driven by electron injection/extraction is advantageous compared with the ion-migration mechanism of other types of ReRAM with respect to cycle endurance and power saving.
II. EXPERIMENT
An Al(top)/AlOx/Al(bottom) memory cell was fabricated. First, a 0.5-mm-thick Al sheet (99.99%) was treated by electrochemical polishing in a mixed solution of perchloric acid and ethanol. The Al sheet was anodized using a two-step anodization process. 10 The Al sheet was anodized at a voltage of 40 V in oxalic acid (0.3 M) at 293 K for 3 h. Then, the anodic oxide layer was removed in a mixture of phosphoric acid (6 wt. %) and chromic acid (1.8 wt. %) at 333 K for 1 h. The Al sheet was then anodized again for 64 s under the same conditions as in the first step. After drying, an Al electrode of thickness 80 nm with a diameter of 300 lm was formed using a heat evaporation system, and Cu wire was bonded with Ag paste. An Al (top)/AlOx/p þ -Si (bottom) memory cell was fabricated as a MIS-type ReRAM. The native oxide on the surface of the p þ -Si wafer (boron high-doped Si, 0.001-0.005 X cm) was removed using a solution of 1% HF (10 min), and Ar-ion sputtering (DC 100 W, 1 min). An Al thin film of thickness 200 nm sputtered on the p þ -Si wafer was anodized using the same conditions as in the second step of production of the Al/AlOx/Al memory cell. The subsequent processes were the same as the processes in production of the Al/AlOx/Al memory cell. An anodized Al sheet was vertically sliced to a thickness of 100 nm using a focused ion-beam (Hitachi FB-2000 A). The sliced samples were observed using transmission electron microscopy (TEM) at 200 kV (JEOL JEM-2100 F). A planar section of the AlOx film was observed using high-resolution TEM (Hitachi H9500). The electronic structures of specimens of thickness 70 nm were determined using electron-energy-loss spectroscopy (EELS; Gatan GIF/Model 863), with a beam spot diameter of 1 nm. The localized existence of AlOx oxygen vacancies was determined, as shown in Fig. 1 . The I-V characteristics were measured using a source-meter unit (Keithley 2400). A current-regulating diode (CRD) of 28 lA was inserted in series to the measuring circuit. The sweep range, the sweep speed, and the step size were 63 V, 0.5 V s
À1
, and 0.5 V, respectively. The electronic state of the off-state sample of the Al/AlOx/Al memory cell was measured using a TSC measurement system (Rigaku TSC-FETT 2000). The sweep range, the rate of temperature increase, and the applied voltage were 80-550 K, 0.15 K s
, and 0 V, respectively.
III. RESULTS AND DISCUSSIONS

A. Oxygen vacancies and electronic state analysis
First of all, in the case of AlOx-ReRAMs, unlike transitionmetal oxide ReRAMs, such as Pt/Ta 2 O 5Àx /TaO 2Àx /Pt, we considered that the origin of the resistive switching is an increase/ decrease in V o electrons rather than O ion movement. Nanoholes and cell boundaries are generated by self-formation in the Al anodization process. The existence of localized V o s in the cell boundary of AlOx was revealed by the O K-edge spectra satellite peak in EELS as follows. The cell boundary is visible as light gray lines of width approximately 20 nm in the TEM image shown in Figs. 1(b) and 1(c). A satellite peak at 534 eV is observed at the cell boundary at point B in Fig. 1(d) , although it is not observed at points A and C. Furthermore, as shown in Fig. 1(e) , the EELS depth profile indicates that satellite peaks exist continuously in region E but not in regions D and F of the vertical cell boundary. Generally, the satellite peak at 534 eV is considered to be caused by V o s of the metal oxide. We focused on the V o s as useful electronic storage sites.
The above-mentioned simulation results (Ref. the bound energy of the inner-shell electron of the O atom is considered to be decreased by the charge of the V o þ1 electron. As a result, the O K-edge of the EELS spectrum shifts towards a lower energy. This energy shift is considered to be part of the probable origin of the satellite peak of EELS shown in Fig. 1 . Although further research is required for confirmation, the V o þ1 electron shown in yellow in Fig. 2 (a) seems to be an electron with a broad distribution in a cluster consisting of three Al atoms, 12 O atoms, and one V o . V o þ1 electrons are considered to be delocalized by increasing in number and overlapping spatially, generating V o CB.
TSC measurements are used to detect impurity levels in semiconductors or insulators. Trapped electrons at impurity levels at a low temperature, such as 80 K, are excited up to the conduction band by constant heating and emitted to the electrode. The current emitted to the measurement circuit is recorded against temperature, providing information on the energy of trapped electrons and holes. A diagram of a TSC measurement system is shown in Fig. 2(c) . Generally, delocalized electrons cannot be measured by TSC, although localized electrons and holes can be measured precisely by TSC. As a trial, we measured an on-state sample of an AlOxReRAM of approximately 10 X; the measurement was impossible because of the noise current of 0.1 mA induced by the femto-ammeter. The horizontal axis of Fig. 2(b) is the activation energy of the trapped electron (E t ), calculated using the following equation:
where k is the Boltzmann constant, T m is the TSC peak temperature, and b is a heating rate of 0.15 K s
À1
. We show, here, three typical electronic states, measured using the TSC method, as electronic states of different resistances in the off-state sample of AlOx-ReRAM, as shown in Fig. 2(b) . In detail, it became clear that electronic states 0.15-0.41 eV below the framework conduction band (FCB) are generated, corresponding to decreases in resistance. Electronic states in this energy range do not exist in sample C but exist in the cases of samples A and B. If the number of V o þ1 electrons increases more than that of sample A, V o CB will be generated by delocalization of V o þ1 electrons, and simultaneously, the electronic state will change to metallic conduction; i.e., the electronic state 0.15-0.41 eV below the FCB is considered as a bud of the V o CB or remains of the V o CB. It is therefore presumed that these electronic states change into the V o CB by increasing the number of V o þ1 electrons. We show these electronic state changes later, in Fig. 5 .
The origin of the switching mechanism of a transitionmetal oxide ReRAM was revealed by XPS, as mentioned above. Although we tried using XPS measurements to detect the binding-energy shift of AlOx, we failed. This is because the change occurs not in bulk but in the nanodomain of the cell boundary of width $20 nm, as shown in Fig. 1(b) , so the XPS signal is so small that it is undetectable. On the other hand, we directly observed a clear change in the electronic state using the TSC method for the first time, as mentioned above. Since the V o þ1 electron exists at a level 0.15-0.41 eV below the FCB, the electron is expected to provide long-term electronic storage. However, it becomes difficult to extract the V o þ1 electron by electronic excitation up to the FCB. In other words, a feature of AlOx-ReRAM is an easy setoperation and a difficult reset-operation, which is similar to other types of ReRAM.
B. Resistive properties and I-V characteristics of metal/insulator/metal (MIM) type AlOx-ReRAM
A typical unipolar-type I-V curve of a memory cell is shown in Fig. 3(c) ; it was measured by changing the voltage at room temperature as follows: 0 ! þ3 ! 0 ! þ2 ! 0 V. The high-resistance state (HRS) becomes a low-resistance state (LRS) at 2.5 V in the process of which it increases to 3 V, and the current is limited to 28 lA by a CRD, as shown 
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Nigo et al. J. Appl. Phys. 112, 033711 (2012) in Fig. 3(c) . Subsequently, by increasing the applied voltage to 2 V without the CRD, a larger reset-current than the setcurrent changes LRS to HRS at 1.2 V. Based on the temperature dependence of resistance shown in Fig. 3(b) , it was clear that the conduction mechanism in the HRS is a state of hopping conduction, in which the resistance increases exponentially with decreasing temperature, and the conduction mechanism in the LRS is a metallic conduction in which the resistance decreases linearly with decreasing temperature. Since the LRS is reset to HRS if the current increases to the reset-current as a result of a decrease in temperature, the increase in current accompanying a decrease in temperature must be controlled to be smaller than the reset-current. We therefore measured the temperature dependence of the resistance (Fig. 3(b) ) with a voltage of only 0.1 mV. In the case of unipolar drive, a larger current than the set-current causes a reset mechanism, as shown in Fig. 3(c) . The restriction that the reset-current must be larger than the set-current is a fatal fault of low-power-consumption memory.
C. MIS-type AlOx-ReRAM and mechanism study
To reduce the reset-current significantly, we developed a MIS-type AlOx-ReRAM with a bipolar drive, as shown in Fig. 4(a) . Since the origin of the on/off switching is considered to be generation/degeneration of V o CB by increasing/ decreasing the numbers of V o electrons, blocking the inflow of current at the time of reset is considered to be effective in reducing the reset-current. We therefore changed the structure from a MIM-type Al/AlOx/Al to a MIS-type Al/AlOx/ p þ -Si and were able to decrease the reset-current to 7 lA using a p-n junction, as shown in Fig. 4(b) .
In addition, we show in Fig. 4 (c) a schematic illustration of the on/off sequential mechanism based on the V o band models to help understand the MIS-type AlOx-ReRAM.
By increasing the applied voltage to the threshold value V on , the electron that passed the Schottky barrier by FN
, and the energy level of V o þ1 falls to the band gap from the FCB bottom simultaneously with electron trapping, as shown in Fig. 4(c-1) . The changed electronic structure is stabilized by shrinking of the Al ions around the V o . As a result of increasing the number of V o þ1 electrons, the V o þ1 electrons overlap and delocalize, and the conductive electronic state of V o CB is generated, as shown in Fig. 4(c-2) . This state is the onstate of metallic conduction, caused by V o CB. The setmechanism is considered to be as shown in Eq. (2) . By increasing the reverse voltage, since the reverse current is prevented by the p-n junction, V o electrons are instantly extracted by a reverse electric field. The reset-mechanism is considered to be as shown in Eq. (3); the state is stabilized by the spreading of Al ions, and the energy level of V o þ2 increases to near the FCB bottom, as shown in Fig. 4(c-3) . The V o þ1 electrons are localized as a result of their decreasing number. Simultaneously, the metallic conduction returns to band-insulator hopping conduction, as shown in Fig. 4(c-4) . The spreading and shrinking of Al ions around the V o correspond to changes in the Al-V o distance shown in Fig. 2(a) . The aforementioned mechanisms can be expressed simply as follows: 12 In recent years, all the metal oxides listed by Hickmott have been verified by many researchers to be candidate materials for ReRAM. In general, defects have adverse effects on semiconductors, and therefore the removal of defects, such as V o is important. However, in the case of AlOx-ReRAM, high-density V o in anodized Al 2 O 3 is considered to serve as useful electronic storage sites for electron injection/ extraction.
D. Electronic structure change study
To help further understanding of the electronic structures of AlOx-ReRAM, Fig. 5 shows a schematic diagram of the electronic structures of the on/off state, based on TSC analyses. The electronic states of typical off-states, based on Fig. 2(b) , are shown in the orange area in Fig. 5 . TSC measurement of the on-state is impossible because of delocalized electrons. The electronic state of the on-state was therefore presumed, based on clear tendencies of changes in the offstate, to be as follows. In the case of a high resistance of 5 MX, electrons do not exist in the energy range 0.15-0.41 eV below the FCB, as shown in Fig. 5(a-1) . However, when the resistance decreases from 5 MX to 200 KX, electrons appear in the energy range 0.15-0.41 eV below the FCB, as shown in Fig. 5(a-2) . Furthermore, when the resistance decreases from 200 kX to 100 kX, the TSC increases sharply in a narrower part of the same energy range, as shown in Fig. 5(a-3) . If the resistance decreases to 100 X or less, TSC measurements become impossible because of delocalized electrons. Such a state is a delocalized electronic state, namely, the on-state. Since TSC is measured in the temperature range above 80 K, the electronic state in the range 0-0.15 eV below the FCB cannot be revealed using TSC. The number of electrons near the measurement limit of 0.15 eV below the FCB increases sharply, corresponding to a decrease in the resistance, as shown in Fig. 2(b) . The delocalized electrons caused by an increase in the number of electrons are therefore also considered to exist above the level of 0.15 eV below the FCB. Since V o CB is generated with the delocalized electrons, the Fermi level (E f ) of the onstate is considered to exist at a level above 0.15 eV below the FCB, as shown in Fig. 5(b) .
Although the electronic states in the band gap, except at 0.15-1.28 eV below FCB, are not clarified, a band gap of 6.5 eV was clarified by EELS measurements of the AlOx cell Fig. 4(c) are corresponded to the numbers 1-4 in Fig. 4(b) .
boundary. The valence band top level of AlOx, estimated using UV photoelectron spectroscopy (UPS), exists at 7.8 eV below the vacuum level, and the shape of the valence band near the top of AlOx is similar to the valence band of crystalline Al 2 O 3 . To summarize these measurement results for electronic states, a schematic diagram of the on/off-state electronic structures of AlOx-ReRAM is shown in Fig. 5 .
Finally, since a dry process is more suitable in semiconductor manufacturing process than a wet-type anodization process, we are extending our research to a sputtered AlOx film, based on knowledge of the cell boundary of anodized AlOx. Although the production process of AlOx does not need to be anodization, the electronic structure must be similar to the cell boundary of anodized AlOx, containing a highdensity of V o s, i.e., 10 21 cm À3 or more. A remarkable feature of V o s is the ability to receive and release electrons with structural relaxation, without any chemical reaction.
IV. CONCLUSIONS
We showed a resistive switching mechanism of an AlOx-ReRAM based on the electronic states revealed by TSC. This system is expected to have high endurance, equivalent to that of dynamic random access memory (DRAM), because it is driven by increasing/decreasing numbers of electrons, similar to DRAM. To verify the mechanism, and decrease the reset-current, we changed a MIM-type AlOxReRAM to a MIS type, and decreased the reset-current to 7 lA, as expected. Although the properties of materials with high-density V o s are still under study, in the future, V o host materials may be not limited to AlOx; well-designed V o materials are expected to provide excellent and rare-metalfree electronic materials. 
